receipt of rewarding stimuli, whereas a negative evaluation would include either omission of an expected reward or delivery of an aversive stimulus (Rolls, 1999 Sensitivity to reinforcement allows an organism to act in accordance with regularities in the environment. This Success requires deciding among alternatives, consensitivity can be expressed through mechanisms intrintrolling the initiation of movements, and judging the sic to sensorimotor neural systems. Intrinsic means of consequences of actions. When alternatives are diffiadapting to regularities in the environment include primcult to distinguish, habitual responses must be overing in the sensory and motor neural pathways that bias come, or consequences are uncertain, deliberation is for or against repeated responses. For example, the necessary and a supervisory system exerts control response times of macaque monkeys producing eye over the processes that produce sensory-guided movements to visual stimuli vary as movements are removements. We have investigated these processes by peated or alternate, and this sequentially ordered perforrecording neural activity in the frontal lobe of macaque mance is associated with changes in the neural activity monkeys performing a countermanding task. Distinct in the superior colliculus (Dorris et al., 2000) and frontal neurons in the frontal eye field respond to visual stimuli eye field (Bichot and Schall, 2002). However, such mechor control the production of the movements. In the anisms seem insufficient to contend with more complex supplementary eye field and anterior cingulate cortex, contingencies. When the environment is ambiguous or neurons appear not to control directly movement initipresents competing demands, or the mapping of stimuation but instead signal the production of errors, the lus onto response is complex or contrary to habit making anticipation and delivery of reinforcement, and the performance prone to errors, then an executive, supervipresence of processing conflict. These signals form sory system exerts control. Supervisory, executive conthe core of current models of supervisory control of trol over the perception, selection, and production syssensorimotor processes.
. These neurons that generate movementrelated activity innervate the superior colliculus (Segraves and Goldberg, 1987; Sommer and Wurtz, 2000) and the neural circuit in the brainstem that generates saccades (Segraves, 1992) . Recent work has demonstrated that reversible inactivation of FEF impairs monkeys' ability to make saccades (Dias et al., 1995; Sommer and Tehovnik, 1997) and complements earlier observations that ablation of FEF causes an initial severe impairment in saccade production that recovers over time (e.g., Schiller et al., 1987; Schiller and Chou, 1998) .
The supplementary eye field (SEF) is an area in dorsomedial frontal cortex that may be considered an ocular motor extension of the supplementary motor area (SMA). In several respects, SEF seems to parallel FEF. Neurons in SEF are responsive to visual or auditory stimulation, and other neurons in SEF discharge in relation to saccades (e.g., Schlag and Schlag-Rey, 1987; . Other studies have reported more complex functional properties of SEF neurons including conditional motor learning (Chen and Wise, 1995) and object-centered representation (Olson and Gettner, 1995 , 1999 Olson and Tremblay, 2000) , production of Watanabe, 1976, 1979) . Others show activity specific to motor set for self-paced movements (Shima et al., 1991) and to voluntary movement selection based on reward (Shima and Tanji, 1998). Some neurons encode the serial order of movements in sequences and show different activity profiles in trialand-error exploration and routine performance (Procyk et al., 2000) . Indirect measures of neural activity in humans have focused discussions of self-monitoring and self-control on ACC. As described in more detail below, a particular event-related potential is observed when subject make errors that appears to arise in ACC (Dehaene et al., 1994; Miltner et al., 1997). Also, neuroimaging studies have described ACC activation when sub- tive stop signal in a response time task (Logan and Cowan, 1984; reviewed by Logan, 1994). The subject's task is to cancel the planned movement if a stop signal Both humans and monkeys learn how to perform the is presented. In the ocular motor version, monkeys were countermanding task relatively quickly, but adjustments trained to make a saccade to a peripheral target that of performance continue after the task is well learned. appeared when the fixation spot disappeared unless a Any random sample of consecutive trials will vary in the stop signal was presented (Figure 2) . In response to the proportion of stop signal trials-sometimes there are stop signal, the monkeys were to withhold the movemany stop signal trials, and sometimes there are relament; the stop signal was the reappearance of the fixatively few. Subjects have no a priori guarantee of station spot (Hanes and Schall, 1995 To understand the source of the variability of response tantly, this difference in activity must occur by the time that the movement is canceled, i.e., within the stop sigtime, we have investigated movement-related activity recorded in FEF. We found that saccadic eye movenal reaction time. Movement-related activity in FEF which began to ments were initiated when movement-related activity in FEF reached a particular level that was idiosyncratic for grow toward the trigger threshold failed to reach the threshold activation level when movements were caneach neuron but did not vary with response time ( Given the well-known variability of neural discharge, how many neurons must contribute to predict the initiation of a saccade? We have carried out an analysis and is consistent with our observation that the error signal the SEF intact, monkeys cannot produce saccadic eye arises concomitantly in ACC and SEF. movements (Schiller et al., 1980) . Instead of signals controlling gaze, we found distinct Reinforcement-Related Activity groups of neurons in SEF that were active after errors, On trials with no stop signal, monkeys received positive after successful withholding of a partially prepared reinforcement following an accurate saccade to the tarmovement, or in association with reinforcement. These get. On trials with a stop signal, monkeys earned reinthree forms of activation could not be explained by senforcement when the partially prepared saccade to the sory or motor factors, so we interpret them as evaluative target was canceled and fixation was maintained. Thus, signals.
the countermanding task provides a novel dissociation of behavior from reinforcement. Identical actions (saccades to the target) can yield different outcomes (sucError-Related Activity Certain neurons observed in both SEF and ACC exhibit cessful no stop signal trials or unsuccessful non-canceled trials). Conversely, different actions (saccades modulation specifically in trials in which a planned movement is not canceled so that reward was not delivwhen no stop signal was presented or holding fixation when the stop signal was presented) lead to the same ered (Figure 7) . We interpret this modulation as signaling an error. These neurons did not modulate when reoutcome (reinforcement). These conditions permit the distinction between neuronal signals related to producwarded saccades were made on trials with no stop signal, nor were they modulated in stop signal trials reing the behavioral response and those related to the reinforcement of that response. sulting in a successfully canceled movement or in relation to delivery of reinforcement. The latency of this
We observed other neurons in SEF and ACC that were Figure  8B ). In fact, some of these also showed an apparent 8). These neurons exhibited gradually elevated discharge rate before the reinforcement and an additional visual response. This pattern of activity resembles the signals produced by brainstem dopamine neurons (e.g., modulation following receipt of the reinforcement. To extend the performance of monkeys, primary juice reinSchultz and Dickinson, 2000). Taken together, these results imply that the reinforcement signal in SEF is more forcement was delivered on only a fraction of successful trials, but a secondary tone reinforcement was delivered abstract while that in ACC is more closely related to the properties of the reinforcer. on every successful trial. The neurons in SEF were modulated equivalently when only the secondary, as well as when the primary, reinforcer was delivered. This neural Conflict-Related Activity Yet another population of neurons in SEF exhibited eleconcomitant of the anticipation and receipt of reinforcement seems qualitatively different from the modulation vated discharge rate during stop signal trials in which the saccade was correctly canceled, but the activity of sensorimotor activity according to reinforcement amount or probability that has been reported in other occurred after the stop signal reaction time had elapsed (Figure 9 ). This modulation cannot be involved in cancelcortical areas (e.g., Platt and Glimcher, 1999) or the basal ganglia (Kawagoe et al., 1998). Instead, we interpret the ing the movement because it occurred too late, so its interpretation is less straightforward. We have been activation of these neurons as a direct signal of the receipt of reinforcement. This interpretation is sup- push-pull network of burst neurons and omnipause neurons in the brainstem (Scudder et al., 2002) . Therefore, it will be instructive to record activity of these neurons during the countermanding task. Furthermore, a paradox confronts us. Thousands of neurons are necessary to produce a saccade, but the averaged signal from no more than ten is sufficient to specify whether and when gaze will shift. This paradox can be resolved only through simultaneous recording of presaccadic activity in multiple neurons throughout the saccade-generating circuit to clarify the mechanisms by which activity is coordinated.
Second, if SEF activation does delay saccade produc- 
